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ABSTRACT
A search for extrasolar planetary transits using the extended Kepler mission (K2)
campaigns 9 and 11 revealed five new candidates towards the Galactic bulge. The
stars EPIC 224439122, 224560837, 227560005, 230778501 and 231635524 are found
to have low amplitude transits consistent with extrasolar planets, with periods
P = 35.1695, 3.6390, 12.4224, 17.9856, and 5.8824 days, respectively. The K2 data and
existing optical photometry are combined with the multi-band near-IR photometry
of the VVV survey and 2MASS in order to measure accurate physical parameters for
the host stars. We then measure the radii of the new planet candidates from the K2
transit light curves and also estimate their masses using mass-radius relations, con-
cluding that two of these candidates could be low mass planets, and three could be
giant gaseous planets.
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1 INTRODUCTION
The Kepler mission (Borucki et al. 2010, 2011) was a clear
success and a revolution for extrasolar planet studies. The
main mission lasted four years and the data collected is still
producing extrasolar planets, that are now counted by the
thousands. The extended Kepler mission called K2 consisted
of several campaigns, with multiple fields observed along the
ecliptic plane since 2014. Among a variety of studies, K2 has
discovered more than a hundred transiting extrasolar planets
up to now (Montet et al. 2015; Schlieder et al. 2016; Van
Eylen et al. 2016; Johnson et al. 2016; Adams et al. 2016;
Sinukoff et al. 2016; Barros et al. 2016; Pope et al. 2016;
Dressing et al. 2017b,a; Petigura et al. 2018; Wittenmyer
et al. 2018; Mayo et al. 2018; Yu et al. 2018; Crossfield et al.
2018; Livingston et al. 2018).
We are interested here in the data from campaigns 9
and 11 (hereafter K2C9 and K2C11), that observed the
Milky Way bulge. This is a crowded and reddened region
of our Galaxy, but of great interest, because it overlaps with
our ongoing VVV survey, that has been mapping the whole
bulge in the near-IR since 2010 (Minniti et al. 2010; Saito
et al. 2012). The challenge is the large Kepler 4 arcsec pixel
scale, as discussed extensively elsewhere by Henderson et al.
(2016) and Zhu et al. (2017). We use our higher resolution
VVV images (with 0.3”/pixel scale) in order to weed out bad
candidates (usually blended objects). In particular, Hender-
? E-mail: cacortes@udec.cl
son et al. (2016) describe in detail the goals, difficulties, and
procedures of the K2C9.
We started a project to detect and study new transit-
ing exoplanets in the Galactic Bulge, using K2 mission and
VVV survey data. We report here the discovery and charac-
terization of five exoplanetary candidates in the bulge. This
paper is organized as follows, in Section 2 we present the K2
photometry for the campaign 9 and 11 and the VVV survey.
Section 3 discusses our search. In Section 4 and 5 we give
the physical parameters for the sample stars and planets,
respectively. The discoveries are discussed in turn in Section
6. Finally, Section 7 outlines our main conclusions.
2 DATA
2.1 K2 Photometry
For our study, we used the K2 database, which pro-
vides high-precision photometry on the 1 and 30 minute
timescales. The Kepler magnitude (Kp) refers to an AB mag-
nitude, ranging from 425 to 900 nm. The Kepler photometer
consists in multi CCD modules, and each module covers 5
square degrees on the sky. The observations of K2 consist of
a series of observation field “Campaigns” distributed in the
plane of the ecliptic.
The campaign 9 consisting of 19 CCD modules (Fig-
ure 1, left) covered part of the Galactic Bulge and was ded-
icated to a microlensing study. In order to increase the data
storage, the campaign 9 was split into two parts (campaign
© 2018 The Authors
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Figure 1. The figure shows the two K2 campaign fields: campaign 9 (left) and campaign 11 (right), in which we perform the search
for extrasolar planets. The red stars represent the position of the exoplanet candidates that we found in our study with their respective
numbers (see table 3). The green area in campaign 9 represents the microlensing super apertures. The overlapped coloured region
corresponds to the region mapped by the VVV survey. This plot is taken from the Kepler & K2 website.
9a and 9b), with a three-day gap from May 19 to May 22,
2016. The campaign 9a is centred at RA=270.3544823 de-
grees, DEC=-21.7798098 degrees and was observed between
April 22 and May 19, 2016. The campaign 9b that was ob-
served between May 22 and July 1, 2016, and is centred
at RA=270.3543824 degrees, DEC=-21.7804700 degrees. For
our study, we considered only targets from the microlensing
super apertures (green area in the Figure 1, left ), in which
3.3 million pixels were dedicated on five CCD channels.
The campaign 11 consists of 18 CCD modules, due to
the loss of CCD module 4. This campaign is centred at
RA=260.3880064 degrees, DEC=-23.9759578 degrees (Fig-
ure 1, right) and covers part of the Galactic Bulge. This
campaign was split into two parts with a three-day gap from
October 18 to October 21, 2016: the campaign 11a that was
observed between September and October 2016 during 23
days and the campaign 11b was observed between October
and December 2016 during 48 days.
2.2 VVV survey
The VISTA Variables in the Vı´a La´ctea (VVV) survey (Min-
niti et al. 2010; Saito et al. 2012) that covers a bulge area of
300 square degrees between −10◦ < l < +10◦ and −10◦ < b
< +5◦ divided in 196 tiles.
This survey provides near-infrared photometry in five
broad-band filters: Z (0.87 µm), Y (1.02 µm), J (1.25 µm),
H (µm) and, Ks (2.14 µm). We used the VVV photometric
catalogue that was obtained from the Cambridge Astronom-
ical Survey Unit (CASU) 1 in different tiles in the galactic
bulge. The K2-VVV areas of overlap are shown in Figure 1.
1 http://casu.ast.cam.ac.uk/vistasp/
3 SEARCH FOR EXOPLANETARY TRANSITS
For the exoplanet candidates search, we used 875 light curves
from the campaign 9 and 13.607 light curves from the cam-
paign 11, that were extracted by Vanderburg & Johnson
(2014). Both campaigns were split into two parts, therefore
we normalized the flux of the light curve for part a and b
(see section 2.1) using a cubic spline function. We choose the
order of the polynomials according to the light curve. After
the fitting, we removed upwards outliers, which are caused
by cosmic rays or asteroids and also, we removed the down-
ward outliers making sure that the transit was not removed.
After flattening the light curves, we calculated a Box Least
Squares (BLS)2 periodogram Kova´cs et al. (2002), to detect
a periodic signal. We used the definition of Vanderburg et al.
(2016) to perform the period search ranging from 2.4 hours
to half the length of the campaign and the spacing between
periods expressed as:
∆P = P
D
N × Ttot
where ∆P is the spacing between periods, P is the period
tested, D is the transit duration at that period, N is an
oversampling factor and Ttot is the total duration of the
campaign.
After this process, we cleaned our catalogue by apply-
ing some restrictions. From the analysis described by Van-
derburg et al. (2016), we considered targets that in the BLS
periodogram have at least one peak with S/N > 9. Also,
we eliminate objects whose duration is greater than 20% of
the detected period, and we considered only detections that
have two or more transit events.
Even when an object passes these tests, there is the
possibility that it is a false positive. For this reason, we per-
formed a visual inspection to discard obvious false positives
2 https://github.com/dfm/python-bls
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such as spurious detections, eclipsing binaries and any other
astrophysical false positives.
Additionally, we take advantage of the near-infrared
data from the VVV survey that overlapped with the K2 data
(see Figure 1), to discard false positives, specially blended
objects, because with this photometry we can constrain the
contaminant stars with a different colour than the target
(Fressin et al. 2012).
Our final catalogue contains five planet candidates (see
table 3). The planetary parameters estimation is explained
in section 5.
4 STELLAR PROPERTIES
The stellar parameters of the host stars of our exoplanet
candidates are summarized in Table 1. Based on previous
studies, the host star 224439122 was catalogued as a variable
Weak T tau (Prisinzano et al. 2012) with a period 5.8775
days (Henderson & Stassun 2012).
The stellar parameters for our exoplanet candidates
were estimated through Gaia DR2 (Andrae et al. 2018),
whose information was extracted from Gaia Archive3 (Gaia
Collaboration et al. 2016, 2018). The radius of the host
star 231635524 cannot be derived from data in Gaia DR2,
because stars with fractional parallax uncertainties greater
than 20 percent are not reliably inverted to yield distances.
This particularly affects distant and/or faint stars (Andrae
et al. 2018). For the host star 231635524, the fractional par-
allax uncertainty is 450 percent (Bailer-Jones et al. 2018
infer a distance in excess of 10 kpc with large errors). It is
most likely this host star is at least a giant, since this star is
too bright to be a dwarf, given the likely very long distance.
We classify our host stars by calculating the reduced
proper motion, after properly correcting for extinction. For
the passbands in the VVV survey, we measured the extinc-
tion using the reddening maps of Gonzalez et al. (2012) by
the tool BEAM (Bulge Extinction And Metallicity) calcula-
tor4 using the Cardelli et al. (1989) extinction law. In the
case of filters in the 2MASS catalogue, we used Schlegel et al.
(1998) maps through the tool Galactic DUST Reddening &
Extinction5. The photometric parameters are summarized
in Table 2.
With the proper motion of Gaia DR2 catalogue, we cal-
culated the reduced proper motion of our host stars, through
the equation defined as:
HJ = J + 5 log µ (1)
where J is the J-band magnitude and µ is the total proper
motion. With the criteria defined by Rojas-Ayala et al.
(2014):
Hdwar f
J
> H∗J = 68.5(J − Ks) − 50.7 (2)
we classify the host star like dwarf or giant, where H∗J is the
dwarf/giant discriminator.
3 https://gea.esac.esa.int/archive/
4 http://mill.astro.puc.cl/BEAM/calculator.php
5 https://irsa.ipac.caltech.edu/applications/DUST/
5 PLANETARY PARAMETERS
We have found five planet candidates, with the period and
depth calculated from the output of the BLS algorithm.
Assuming that the orbit is circular, we modeled the tran-
sit time, the period, the planetary to stellar radius ratio
(Rp/R?), the semi-major axis normalized to the stellar ra-
dius (a/R?) and the inclination, through a transit model
using the BAsic Transit Model cAlculatioN (BATMAN) 6
Python package (Kreidberg 2015). For the development of
our model, we used the quadratic limb darkening law (Kopal
1950) with the coefficient estimated by Kreidberg (2015).
In order to take into account the smearing effect of the
30 min cadence of the K2 data (Kipping 2010), we used
the supersampling provided by BATMAN, that consists in
calculating the average value of the light curve from the
evenly spaced samples during an exposure.
After that, we measured the transit parameters and
their uncertainties of this model using emcee7 Python pack-
age (Foreman-Mackey et al. 2013), which is an implemen-
tation of the affine-invariant ensemble sampler for Markov
Chain Monte Carlo (MCMC) (Goodman & Weare 2010).
We implement the same uncertainties to each flux, because
the flux error was not calculated in the K2 data reduction
process.
We estimated the mass of the planet candidates through
Forecaster8 Python package developed by Chen & Kipping
(2017), which uses a probabilistic mass-radius relationship.
With this code it is possible to predict the mass of the can-
didates based on a given radius measured previously.
The estimation of the planetary parameters is summa-
rized in Table 3. The exoplanet candidates with the fitting
model are shown in Figure 2 to Figure 6.
6 DISCUSSION
In this work, we present the discovery of five exoplanet can-
didates, which were detected with the transit method using
K2 photometry. One of the parameters that we can obtain
with this method is the planetary radius. To determine this
parameter, we need the stellar radius, which was calculated
photometrically (see Section 4). To definitely classify these
candidates is it is necessary to estimate their masses, which
are not possible to measure using this technique. Clearly,
spectroscopic observations are needed for these candidates.
Therefore, we predict the mass through the code Forecaster
(see Section 5), which uses a mass-radius relationship. Even
though these parameters are not highly accurate, they rep-
resent a good initial estimate to perform our analysis and
give a preliminary idea about the nature of our candidates.
We compared our candidates with the mass-density
relationship proposed by Hatzes & Rauer (2015). The
relationship is based on the inflections in the mass-
density diagram, and shows three regions. The regions
are low mass planets, giant gaseous planets and stellar
objects. Then, we proceed to analyze each of our candidates:
6 http://astro.uchicago.edu/ kreidberg/batman/tutorial.html
7 http://dfm.io/emcee/current/
8 https://github.com/chenjj2/forecaster
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EPIC 224439122b is a candidate exoplanet orbiting
the host star located in NGC 6530 (open cluster), clas-
sified as a variable Weak T Tau star with spectral type
M0-M1 V (Prisinzano et al. 2012) with a period 5.8775
days (Henderson & Stassun 2012). This extrasolar planet
candidate has two transits and has a period 35.1695 days,
indicating that it could be a warm Jupiter (the orbital
period between 10 and 100 days). Also, this is the largest
candidate in our sample with R=48.1R⊕ and an estimated
mass of M=438.0MJ , implying that it could be a stellar
object (M > 60MJ , Hatzes & Rauer 2015). As the largest
planets known have radii of ∼ 20R⊕, this radius seems to
be too large for an exoplanet. Although this candidate has
a depth of ∼ 5% and a large mass, we consider that this
object passed the test described in Section 3 to discard false
positive. Also, as we mentioned above, we do not measure
the mass and the stellar parameters. Therefore these are
not entirely reliable.
EPIC 224560837b is a candidate with nineteen transit
events with a period of 3.6390 days, which is within the
definition of hot Jupiters (the orbital period between 1 and
10 days). This candidate has a radius of 30.6R⊕ and an
estimated mass of 260.8MJ indicating that it could be a
stellar object (M > 60MJ , Hatzes & Rauer 2015). Despite
this candidate is the second largest in our sample and
according to the mass classification this could be a stellar
object, we take into account that this target passed the test
mentioned in Section 3 and the estimation of the stellar
parameters and the planetary mass were not measured.
For this reason, we do not discard the possibility that this
object could be an extrasolar planet.
EPIC 227560005b has a period of 12.4224 days. This
candidate has four transits and is our smallest exoplanet
candidate with a R=2.0R⊕ and an estimated mass of
0.02MJ indicating that it could be a low mass planet
(M < 0.3MJ , Hatzes & Rauer 2015). The same definition
would apply for EPIC 230778501b that has three transits
with a period of 17.9856 days. This candidate is the second
smallest in our sample with R=2.2R⊕ and an estimated
mass of 0.02MJ .
EPIC 231635524b is a candidate that has eleven transits
with a period of 5.8824 days. According to the period, this
could be a hot Jupiter. As we explained in Section 4, the
radius of the host star 231635524 is not available in Gaia
DR2, and we infer that this star could be a giant. Therefore
if 231635524 could be a giant and the planetary to stellar
radius ratio is 0.132 (see Table 3) probably our candidate
could be a giant gaseous planet.
7 CONCLUSIONS
We reported the discovery of five exoplanet candidates de-
tected in the Galactic Bulge with K2 data with orbital pe-
riods between 3.6390 and 35.1695 days and planetary radii
in the range of 2.0 to 48.1 R⊕. These planet candidates or-
bit host stars with a range of magnitudes and temperatures
(12.039 < Kp < 16.072, and 4184 K < Te f f < 4647 K).
Additionally, two of our candidates were classified as
stellar objects (224439122 and 224560837) and two as
low mass planets (227560005 and 230778501) according to
Hatzes & Rauer (2015), but we considered that 224439122
and 224560837 passed the test to discard false positive men-
tioned in Section 3, therefore there are the possibility that
these targets could be planets. Due to the radius for the host
star of the candidate 231635524 is not available in Gaia DR2,
we can not estimate the planetary radius, and consequently,
we can not predict the mass of the planet. Therefore, as we
explained in Section 6, we infer that the candidate 231635524
could be a giant gaseous planet.
In addition, we emphasize that the stellar parameters
were determined using photometry, and that the derived
masses in particular are very uncertain. Therefore, we would
like to encourage follow-up spectroscopic observations in or-
der to confirm our exoplanet candidates and to refine their
physical parameters.
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Table 1. Stellar parameters
ID EPIC ID RA DEC Te f f R? RPM HJ classification
(J2000, h:m:s) (J2000, d:m:s) (K) (R)
Campaign 9
1 224439122 18:04:44.11 -24:14:39.06 4348+106−190
(1) 1.96+0.18−0.09
(1) -2.60(1) Dwarf
Campaign 11
2 224560837 17:35:13.92 -24:01:42.35 4191+217−199
(1) 2.75+0.28−0.26
(1) -1.09(1) Dwarf
3 227560005 17:31:02.07 -17:50:35.39 4184+124−179
(1) 0.51+0.05−0.03
(1) 4.20(1) Dwarf
4 230778501 17:09:39.53 -19:13:01.41 4647+141−134
(1) 0.73+0.04−0.04
(1) 3.24(1) Dwarf
5 231635524 17:07:33.40 -29:16:21.27 4322+277−75
(1) - 1.80(1) Giant
Note. RPM HJ is the reduced proper motion of the star. RPM HJ was calculated using the equation (1), with
the proper motion from Gaia DR2 catalogue. In column 10, we classify the host star as giant and dwarf according
to the criteria defined by Rojas-Ayala et al. (2014) equation (2).
References. (1) Gaia Collaboration et al. (2016, 2018).
Table 2. Photometric parameters
ID EPIC ID Kp U B V R I z Y J H Ks
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
Campaign 9
1 224439122 16.072 17.445(1) 17.445(1) 16.145(1) - 14.560(1) 14.132(2) 13.786(2) 10.395 (2) 10.878(2) 11.257 (2)
Campaign 11
2 224560837 14.931 - 16.443(3) 15.174(3) 14.723(3) - 13.068(2) 12.828(2) 11.525(2) 11.514(2) 11.481(2)
3 227560005 12.039 - 14.132(4) 12.706(4) 12.088(4) 11.402(4) - - 9.517(5) 9.006(5) 8.883(5)
4 230778501 12.388 - 13.794(3) 12.685(3) 12.264(3) 12.007(3) - - 10.351(5) 9.879(5) 9.760(5)
5 231635524 14.749 - 14.940(6) 14.030(6) - - - - 12.311(5) 11.787(5) 11.709(5)
Note. Kp is the Kepler magnitude described in the section 2.1. The filter J, H, and Ks were corrected for extinction, as explained
in section 4.
References. (1) Sung et al. (2000); (2) VVV survey (Minniti et al. 2017); (3) Zacharias et al. (2012); (4) APASS catalogue (Henden
et al. 2016); (5) 2MASS All-Sky Survey (Cutri et al. 2003); (6) Zacharias et al. (2005).
Table 3. Planetary parameters
ID EPIC ID Period Transit epoch T0 a/R? i δ RP/R? RP MP
(days) BJD - 2454833 (deg) (%) (R⊕) (M⊕)
Campaign 9
1 224439122 35.1695 2682.8129 34.09+0.16−0.07 88.62
+0.05
−0.02 5.05 0.225
+0.004
−0.009 48.1
+5.4
−0.5 139220.7
+18450.3
−18814.8
Campaign 11
2 224560837 3.6390 2828.2806 4.95+0.19−0.21 80.48
+0.54
−0.62 1.04 0.102
+0.001
−0.001 30.6
+3.5
−3.2 82890.3
+14961.3
−14115.1
3 227560005 12.4224 2835.5338 19.09+1.42−1.23 88.68
+0.30
−0.38 0.13 0.036
+0.002
−0.003 2.0
+0.3
−0.3 4.9
+3.9
−2.1
4 230778501 17.9856 2829.4447 27.78+1.37−1.77 88.49
+0.95
−0.67 0.07 0.027
+0.011
−0.005 2.2
+1.1
−0.5 6.1
+4.7
−3.3
5 231635524 5.8824 2828.8985 10.17+0.50−0.35 85.71
+0.35
−0.26 1.76 0.132
+0.001
−0.001 - -
Note. The Sun and Earth units were obtained from the International Astronomical Union(Prsˇa et al. 2016). The planetary
parameters were estimated in the section 5. T0 is the time of transit, a/R? is the semi-major axis normalized to the stellar radius,
i is the inclination, δ is the transit depth, RP/R? the planetary to stellar radius ratio, RP is the planetary radius, calculated
by multiplying the RP/R? values with the stellar radius and MP is the planet mass estimated using mass-radius relationship
developed by Chen & Kipping (2017) through Forecaster Python package.
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Figure 2. Top: Light curve from the campaign 9 of the exoplanet candidate 224439122 orbiting a variable star. As we mention in the
section 2.1 the campaign was split into two parts: the blue points indicate c9a and the gray points indicate c9b. The red lines show
two transit times. Middle: Flattened light curve of EPIC ID 224439122 (see section 3). Bottom: Phase folding of the normalized light
curve and residuals. The black points mark the K2 data, and the red line marks the best-fitting transit model. This candidate could be
a gaseous giant with a period of 35.1695 days.
Figure 3. Top: Flattened light curve from the campaign 11 of the
exoplanet candidate 224560837. The blue points indicate c11a and
the gray points indicate c11b. The red lines show nineteen transit
times. Bottom: Phase folding of the normalized light curve and
residuals. The black points mark the K2 data, and the red line
marks the best-fitting transit model. This is a possible gaseous
giant in a 3.6390 days orbit.
Figure 4. Light curve from the campaign 11 of the exoplanet
candidate 227560005. See Figure 3 caption. This target could be
a low mass planet with period P=12.4224 days and four transit
events.
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Figure 5. Light curve from the campaign 11 of the exoplanet
candidate 230778501. See Figure 3 caption. This target could be
a low mass planet with a period of 17.9856 days and three transit
events.
Figure 6. Light curve from the campaign 11 of the exoplanet
candidate 231635524. See Figure 3 caption. This target could be
a gaseous giant with a period P=5.8824 days and eleven transit
events.
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